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Radar Observations and Physical Model of Asteroid 6489 Golevka
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convex hull, refine the ephemeris, and yield four possible pole direc-

We report 8510-MHz (3.5-cm) radar observations of the Earth-  tions. Three-dimensional modeling using two-dimensional delay-
crossing asteroid (ECA) 6489 Golevka (1991 JX) obtained between ~ Doppler images and published lightcurves unambiguously defines
June 3 and June 15, 1995, at Goldstone, the Very Large Array thepoleandrevealsanextraordinarily angular shape with flat sides,
and the Evpatoria (Ukraine) and Kashima (Japan) radio antennas. ~ Sharp edges and corners, and peculiar concavities. The equivalent

One-dimensional Doppler spectra are used to estimate the object’s ~diameter of the object is 530 &= 30 m, with moments of inertia about
the (long, intermediate, short) axes proportional to (1.00, 1.38, 1.39)

1Current address: 5209 21st Ave. NE, Seattle WA 98105. :I:O.ZI:. The aSterO'd_S p‘?'e direction is 4 = 202+ 5", = —45+ 5,
2 Current address: Scriptics Corp., 2593 Coast Avenue, Mountain View, @@d its sidereal period is P = 6.0289+ 0.0001h.

94043. The asteroid’s circular polarization ratio, SC/OC =0.23+ 0.02,

3Current address: Space Sciences Laboratory, University of Californig,lower than the average for radar-detected near-Earth asteroids

Berkeley, CA 94720-7450. and reveals only a modest degree of near-surface roughness at
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scales near the 3.5-cm wavelength. However, the approximately
Lambertian radar scattering law implies considerable surface
roughness at larger scales. The asteroid’s radar scattering law is
modeled as p cos' 6, with p = 0.25+ 0.12and n = 1.7 £ 0.7 giving
an equivalent spherical albedo of 0.18+ 0.09. This value is in the
middle of the distribution of albedos of S-class asteroid’s previously
imaged by radar. The Hapke parameters describing the object’s opti-
cal scattering propertiesarew = 0.1734- 0.006 h = 0.024+ 0.012,
Bo = 1.03+ 0.45, g = —0.34+ 0.02, and & = 20+ 5°. Both the op-
tical and the radar scattering properties are consistent with those
of a typical S-class asteroid.

Goldstone-VLA plane-of-sky images do not resolve the asteroid
but do provide astrometry with uncertainties less than 0.1 arcsec.
Integration of an orbit based on all available radar and optical as-
trometry shows that Golevka has an insignificant probability of
collision with any planet during at least the next nine centuries.

We investigate Golevka’s dynamical environment, assuming uni-
form density. Some areas of the surface are characterized by large
enough slopes that we expect that they are exposed, solid, mono-
lithic rock. (© 2000 Academic Press

Key Words: asteroids; radar.

INTRODUCTION

The 1995 approach to 0.034 AU on June 9 provided an exce
lent opportunity for groundbased investigations. Mottetaal.
(1997, hereafter M+97) conducted an extensive internation
campaign of optical photometry and infrared radiometry, ob
taining estimates of the asteroid’s sidereal spin peridaP@4+
0.002 h), pole directionf = 35+ 10°, . = 347+ 10°), and
Hapke parameters. They used radiometric observations to ¢
timate the asteroid’s approximate dimensions.88 & 0.25 x
0.25 km. They concluded that it has a high visual geometri
albedo (~0.6) marking it as an unusual object and tentatively
assignd a V classification.

Here we report radar observations conducted on June 3,
and 6-15, 1995 (Table I). Those observations and subsequ
modeling reveal Golevka to be an unusually shaped object wi
surface properties fairly typical of an S-class asteroid.

OVERVIEW OF OBSERVATIONS

We observed Golevka with the Goldstone X-band (8510-MH:
3.52-cm) system using a variety of radar configurations aimed
characterizing the object, refining its orbit, and establishing th
technical feasibility of novel radar experiments. Goldstone’s 7C
m antenna, DSS-14, was used for all transmissions. On June

Golevkawas discoveredin May 1991 at Palomar by E. F. Helwe conducted radar aperture-synthesis observations, with Go

(Marsden 1991), 3 weeks before passing 0.036 AU from Earione transmitting and the VLA receiving. The resultant image
It was detected in June of that year at Arecibo and Goldstoyield plane-of-sky positions with uncertainties of a few hun-
(Ostroet al. 1991). In March 1995 Golevka was recovered atredths of an arcsec.

Siding Spring Observatory (Williams 1995) 3600 arcsec from On June 13-15 we carried out the first intercontinental rad:
the position predicted by an optical-only orbit, but only 5 arcsexstronomy experiments. These bistatic observations consistec
from the position predicted from an orbit that includes the radaw transmissions from Goldstone and reception at the Evpatol
datafrom 1991. Golevka's orbit is close to the 3 : 1 mean-motigblkraine) 70-m antenna on each of those dates (Zaise.
resonance with Jupiter and has a 3.995-year period. 1997) and reception at the Kashima (Japan) 34-m antenna

TABLE I
Experiment Overview

Duration SNR

Start—Stop
DOY 1995 Date (hhmm-hhmm) RA Dec S RTT Date Run Setups
154 June 3 0900-1200 3.0 235 17 45 340 20 cw rng
155 June 4 0930-1220 2.8 240 20 42 480 27 cw
156 June 5
157 June 6 1015-1320 3.1 251 28 37 800 41 cw low
158 June 7 0750-1400 6.2 258 31 36 1000 50 cw G-V rng low
159 June 8 0750-1330 5.3 267 35 35 1200 55 Low high
160 June 9 0830-1515 6.7 277 38 34 1300 61 Low high
161 June 10 0830-1620 7.8 287 40 34 1300 61 Low high
162 June 11 0915-1645 75 299 40 36 1200 55 Low high
163 June 12 0910-1710 8.0 308 40 38 940 45 cw G-V low
164 June 13 0555-1717 11.3 317 39 41 690 35 cw G-E low high
165 June 14 0625-1755 11.5 324 38 44 570 29 cw G-E low high
166 June 15 0645-1755 11.2 331 37 47 390 21 cw G-E,K low higf

Note DQY is day of year, RA is right ascension, Dec is declination, and RTT is echo roundtrip time delay (equal numerically to the approximate diste
10-3 AU). Predicted values of the echo’s signal-to-rms-noise ratio (SNR) per date and the maximum SNR per run were based on conservative dssutmpti
the target and the radar system. Setups (see Table Il) are abbreviated cw (continuous wave), rng (coarse-resolution ranging), low (lownasiolg)ti@md high
(high-resolution imaging). G-V, G-E, and G-K indicate observations that used cw transmissions from Goldstone (DSS-14) and reception of eckibés at tl
Evpatoria, or Kashima (see text); in those experiments, we also received echoes at DSS-13.
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June 15 (Koyamat al. 1995). We also attempted bistatic obfrom the DnA-array to the A-array. On June 14, only 12 of the
servations with reception at the Weilheim (Germany) 30-m a4 antennas that provided useful data were in A-array locatior
tenna, but those were not successful. Throughout the bistatic Ebowever, the longest baselines (36 km) were present so that f
periments, we received echoes at DSS-13, the 34-m Goldstamgular resolution could be obtained for a point-like source. (Tt
antenna about 22 km from DSS-14. VLA finest frequency resolution, 384 Hz, is much too coars
Monostatic observations with DSS-14 used three differefdr resolving Golevka echoes in frequency.) The VLA receive
configurations: a cw (Doppler-only) setup with 0.5-Hz speachoes while tracking the position interpolated from JPL orb
tral resolution, a “low-resolution” delay-Doppler imaging setugolution 21. Approximately every 10 min, the phase of the arrg
with 0.25us x 1.0-Hz pixels, and a “high-resolution” imagingwas calibrated by observing the astrometric calibration sour
setup of 0125us x 0.5 Hz that placed more than 100 pixel2203+ 317 (positional uncertainty0.002'). The amplitude
on the asteroid. We completed several hundred transmit/receivaes calibrated with respect to 3C48, which was assumed
cycles (runs) each setup. The asteroid®.0-h synodic rota- have a flux density of 3.27 Jy. We edited and calibrated the dz
tion period was evident from comparison of the delay-Dopplevith the AIPS reduction system, constructing images with th
image sequences from consecutive days. Poleward motionA®PS task IMAGR for each~20 min of data. To obtain the
the subradar latitude was apparent from contraction of the eaymtimal combination of angular resolution and signal-to-nois
bandwidth after closest approach. Most of the Goldstone tragiatio, we used the AIPS default robustness parameter, resulti
were more tha 6 h long, permitting very thorough orientationain a 021" x 0.14” beamwidth at a position angle of 46The
coverage of the asteroid. average position during eaeb20-min period was determined
Table Il lists the key characteristics of our setups. (For a blodly fitting a Gaussian to the image. The average total flux densi
diagram of the Goldstone radar system see Fig. 1 of @stab returned by Golevka was80+ 0.2 Jy.
(1996). For a detailed description of observation strategies andAll pointing and delay-Doppler prediction ephemerides wer
data processing, see Ostro (1993).) Our cw observations usegtaerated at Goldstone with JPL's On-site Orbit Determinatic
frequency-switching technique identical to that described mgetogram (OSOD). For the most part, the experiment was e
recently by Ostreet al. (1992). ecuted as planned. Stefano Mottola, Gerhard Hahn, and th
Our Goldstone-VLA observations used techniques describealleagues had determined the asteroid’s spin period to withir
by de Pateet al. (1994). For the G-VLA portion of this work few percent by April 1995 (Mottolat al. 1995), and their com-
DSS-14 illuminated the object with a cw signal whose frequencgunication of this result at that time was enormously valuable |
was continually adjusted to compensate for Doppler shifts ptanning the radar experiment. Similarly, optical astrometry b
that the return would arrive at the VLA at 8510 MHz. The VLAa number of observers, including R. Stone and A. Monet at tt
recorded the opposite-sense circular polarization (OC) return.lAS. Naval Observatory and A. Whipple at McDonald Obser
the time of the observations, the VLA was being reconfiguradtory, ensured that the ephemerides used during the first ra
runs would be quite accurate.

TABLE Il During the first four dates we established the asteroid’s gro
radar properties, dealt with system problems, and refined tl
ephemerides enough to guarantee thatimages taken around c

Baud Band _ coM  estapproach would not be smeared. The first few days show
RP __ Af Looks/ Time/ : :
s m uS) Neow Hz (Hz) rec  rec Col Row eghoes with bandwidths of order 10 Hz and Qelay depths
slightly more than 2us (300 m). Our ephemerides are refer-
11,000 1650  1397.0 2 358 5592 22 39 32 11.0enced to the asteroid’s center of mass (COM), so an error-fr
2,000 300  254.0 12 328 5126 21 41 32 1l.8ephemeris would result in echo spectra that straddle the nor
250 37.5 3175 492 64 1000 4 40 32 228ng|Doppler prediction and delay-resolved images whose leadil
125 1875 15875 1970 32 0500 2 40 32 34'Bedge would arrive ahead of the nominal delay location by aj
500 0.488 Varied 128 i ) 7
proximately the delay depth of the target. In reducing our initia
Note.Each setup’s time resolution (bautit), code repetition period RP, un- @strometry, we assumed that the COM lagged the leading ec
aliased frequency window Band, and frequency resolutidnare given. The by 2.6 us, slightly more than the images’ delay depth, with ¢
first three setups used repetitive, binary-phase-coded cw waveforms with a 1@éry conservative uncertainty of 2.&. Our runs on the first few

glement_code to obtain time-delay resolution. NCOH is the number of R_P-Ioa%yS showed echoes nearly centered on the nominal frequer
time series of voltage samples coherently summed after decoding. Fourier anal-

ysis of an RP-long time series of voltages within any given range cell produc@gd within Sevefral m'croseconds of the nominal delay. By June
a power spectrum, and repetition of that process for each range bin produd& had an orbit (OSOD solution 21) that was extremely acct
a delay-Doppler image that is referred to as one look. The number of lodkate: delay corrections during June 9-15 were all smaller th:
summed to produce a single data record was chosen so each record woulg 9@5 Between June 10 and June 15, the echo drifted by abc

a 4-s integration. All our delay-Doppler setups produced power arrays with 645 us in delay or 75 min range That is. the delay smear ra
frequency cells and 127 time-delay cells. The last two columns list the offset ’ ) !

from (0, 0) in the recorded arrays that would contain echoes fromapointtarge\f\{faS about 0.6 m per hour, or 5 cm in 0.5 min, which was th

the delay-Doppler ephemeris were perfect and no extra transmitter and recel@$tgest integration time of any of our imaging runs. Thus dela
frequency offsets were used. smearing was negligible.

Radar Setups
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Goldstone-VLA Estimates of Golevka’s Offsets from Orbit

Solution No. 21

Orbit Solution No. 21

Measured offset

with the exception of perihelion date (TP). Knowledge of tha
parameter was not substantially affected by the short-arc of VL.
data. It appears that the VLA data, with realistic uncertaintie:
is roughly comparable in accuracy with the best traditional og
tical astrometry (i.e., when Hipparcos-based reference catalo

Time (TT) RA Dec RA(stime) ~ DEC(secarc) gre ysed in the reductions). However, data-fit residuals show
100545 2149360115 38 1731396 0.0453.0004 0.315-0.003 stqtlgtlcally |p$|gn|f|cant improvement with VLA data mcludeq.
103138 215004.0505 381607.847 00080004 0.2930.004 Thisis due in part the large amount of radar and other optic:
105554 215030.2552 381449.336 0.0#03.0005 0.296:0.004 data.

111949 215056.0030 381331.790 0.0%66.0004 0.345 0.005 Golevka is classified as a potentially hazardous asteroid |
114646 215124.9226 381204.217 0.034@2.0005 0.308 0.005

the Minor Planet Center. Currently available radar and optic:
astrometry permits very accurate integration of Golevka's orb
within a 1200-year window (Table VI) and shows that Golevka.
collision probability with any planet is negligible for at least
Our G-VLA images do not resolve the asteroid, but do prehe next nine centuries. Also note that the discovery apparitic
vide estimates of positional offsets relative to JPL orbit solutianas the closest approach to Earth since 1730 and our imagi
21 shown in Table Ill. The RA and DEC tabulated are ge@xperiment took advantage of the closest Earth approach ur
centric apparent angles (expressed with respect to a coordirzge4.
system defined by the Earth’s true-equator plane and equinox-
of-date). The offsets in Table Il were added to correspond-
ing RA and DEC astrometric coordinates (that is, expressed
with respect to the Earth’s mean-equator plane and equinox offhe delay-Doppler datafiles listed in Table VII contain frame:
the J2000.0 epoch). The coordinate system of the resulting it are 4-s integrations, thatis, original datarecords. The bista
solute angular measures was rotated from the initial solutiow files in Table VII contain spectra from 3-min integrations.
21 frame of the DE-245 planetary ephemeris into the mo&educed data are normalized to the rms receiver noise and
ern DE-405 system (DE-405 is aligned to within 0.003 ar¢agged with information about the radar system, setup, recei
sec of the ICRF93/J2000.0 radio-frame coordinate system agfgbch, and data processing.
0.01 arcsec of the FK5/J2000 optical frame). The resulting ab-Our finest-resolution images used a frequency resolution
solute astrometric ICRF93/J2000.0 angles are summarizedih Hz. The corresponding spatial resolution depends on a ki
Table IV. Hz conversion factor,

RADAR IMAGES AND ANALYSIS OF SPECTRA

P
km/Hz = —2 (1)

ORBIT 4.13coss’

The datain Table IV, along with 634 optical observations fromvhere Psy, is the synodic spin period in days afds the sub-
1991 April 15 through 1999 July 23 and 26 radar delay and 2&dar latitude (Ostret al. 1995). Golevka'’s pole direction (see
Doppler measurements, were simultaneously fit in a weightbdlow) resulted in conversion factors between 61 and 169 m/H
least-squares sense to solve for six osculating orbital elemenikerefore the “transverse” linear resolution ranged from 31 t
(Table V). Atthe asteroid’s distance of 0.0438 AU, G-VLA nois&4 m. The rotational smearing per minute was less than 6 m.
values (Table 1V) correspond to one standard-deviation uncer+igure 1 shows summed spectra from sequences of cw a
tainties of between 900 and 2600 m in the two orthogonal plargelay Doppler runs. The approximately twofold shrinkage in th
of-sky directions. Inclusion of the 1995 VLA data reduced orecho bandwidth over the course of the experiment correspon
bital element uncertainties by40% at the 1999 solution epoch,to the poleward motion of the subradar latitude. The 10-H

TABLE IV
Goldstone-VLA Astrometry

RA DEC RA DEC
Date UTC (hh mm ss) (deg mm ss) noise noise Coordinate
1995 06 14.419951574 21 49 45.8532 +38 18 52.956 0.06 0.0% Geocentric
1995 06 14.437926111 2150 13.8978 +38 17 29.493 0.06 0.04' Geocentric
1995 06 14.454777962 2150 40.1140 +38 16 11.082 0.08 0.04' Geocentric
1995 06 14.471386759 2151 05.8795 +38 14 53.694 0.06 0.05’ Geocentric
1995 06 14.490102037 2151 34.8098 +381326.198 0.08 0.058 Geocentric
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TABLE V
Orbital Solutions

Solution No. 57 (with VLA) Solution No. 57-A (without VLA)
Eccentricity €) 0.59749744(73> 14 0.59749744(23) 23
Perihelion distancey) 1.01186876(31% 35 AU 1.01186877(53: 56 AU
Perihelion passagdy) 1999 Jun 22.880701(584&)7734 1999 Jun 22.880701(928%) 786
Long. asc. nodeg) 212.30119(843434) 145046 212.30126(357562) 251258
Arg. of perihelion () 65.13896(14074 7 145345 65.13889(749021: 251422
Inclination (1) 2.289385(3937x 4287 2.289387(2095) 7284

Note.Golevka's heliocentric osculating orbital elements at Epoch 1999 Aug 10.0 (TT) (JD 2451400.5), estimated using the full data set (optical
and delay-Doppler radar astrometry). The left column is the best solution, incorporating G-VLA data. The right-hand column, solution 57-A,
excludes only the G-VLA data. Formal 1-standard-deviation uncertainties (in units of the parenthetical decimal places) are shown, illustrating
the effect of G-VLA data. Elements are in the frame of the JPL planetary ephemeris DE-405 (ICRF93/J2000), a quasar-based radio-frame,
generally within 0.01 arcsec of the optical FK5/J2000 frame. Angular orbital elements are referred to the ecliptic and mean equinox of J2000.
Weighted r.m.s residuals for Solution 57 are 1.0 arcsec, 1.2 Hz (21 mm/s in radial velocity) apcgsObime delay (77 in range).

TABLE VI
Close Planetary Approaches

TDB close approach epoch aYUncertainty
Distance Ellipse
Julian date Year Month Day Body (AU) AU km (sigmas)
2334088.97881 1678 Jun 1.47881 Earth 0.031620 0.00037 55351 1.261
2351666.74417 1726 Jul 18.24417 Earth 0.061737 0.00005 7480 1.59E
2353057.61907 1730 May 9.11907 Earth 0.007248 <1.0E-5 <1496 1.83E
2358804.52281 1746 Feb 1.02281 Mars 0.090168 <1.0E-5 <1496 3.70E
2386666.76552 1822 May 16.26552 Earth 0.035767 <1.0E-5 <1496 1.40E
2424728.99162 1926 Aug 1.49162 Mars 0.086428 <1.0E-5 <1496 3.57E
2432009.91144 1946 Jul 8.41144 Mars 0.061663 <1.0E-5 <1496 2.38E
2440939.84961 1970 Dec 19.34961 Mars 0.074595 <1.0E-5 <1496 4.33E
2448419.30338 1991 Jun 11.80338 Earth 0.033185 <1.0E-5 <1496 1.59¢
2449877.59441 1995 Jun 9.09441 Earth 0.034106 <1.0E-5 <1496 7.53E
2451332.31075 1999 Jun 2.81075 Earth 0.050052 <1.0E-5 <1496 2.13E
2452780.17251 2003 May 20.67251 Earth 0.092265 <1.0E-5 <1496 6.79E
2468479.72649 2046 May 14.22649 Earth 0.050800 <1.0E-5 <1496 2.29E
2493777.85949 2115 Aug 19.35949 Earth 0.056411 <1.0E-5 <1496 3.47E
2509468.83273 2158 Aug 4.33273 Earth 0.059561 <1.0E-5 <1496 2.96E
2510891.46604 2162 Jun 26.96604 Earth 0.041460 <1.0E-5 <1496 1.01E
2512322.17971 2166 May 27.67971 Earth 0.087832 <1.0E-5 <1496 7.33E
2513786.99246 2170 May 31.49246 Earth 0.099166 <1.0E-5 <1496 1.22E
2516802.95835 2178 Sep 2.45835 Mars 0.077759 <1.0E-5 <1496 2.46E
2519641.02465 2186 Jun 10.52465 Earth 0.075611 <1.0E-5 <1496 4.40E
2521106.07352 2190 Jun 14.57352 Earth 0.065573 <1.0E-5 <1496 4.49E
2522594.54057 2194 Jul 12.04057 Earth 0.059846 <1.0E-5 <1496 5.32E
2549257.19350 2267 Jul 12.69350 Earth 0.081388 <1.0E-5 <1496 5.29E
2575591.34568 2339 Aug 18.84568 Earth 0.074582 <1.0E-5 <1496 2.07E
2578320.03665 2347 Feb 6.53665 Mars 0.044432 <1.0E-5 <1496 1.34E
2588378.51523 2374 Aug 22.01523 Earth 0.030735 <1.0E-5 <1496 1.70E
2598236.15722 2401 Aug 17.65722 Earth 0.033865 <1.0E-5 <1496 1.75E
2610930.41033 2436 May 19.91033 Mars 0.042254 0.00012 17952 1.18E
2617888.56287 2455 Jun 8.06287 Earth 0.040112 0.00001 1496 8.991
2651442.94494 2547 Apr 21.44494 Mars 0.037813 <1.0E-5 <1496 8.56E
2709618.97224 2706 Aug 247224 Earth 0.089030 0.00002 2992 2.55E
2710904.11200 2710 Feb 7.61200 Mars 0.052943 0.00006 8976 7.65E
2718105.59150 2729 Oct 27.09150 Mars 0.017782 0.00007 10472 6.33E
2727821.33807 2756 Jun 2.83807 Earth 0.047087 0.00007 10472 7.73
2737766.41869 2783 Aug 25.91869 Earth 0.032864 0.00123 184005 9.57I
2774415.14899 2883 Dec 27.64899 Mars 0.022451 0.00119 178021 2.28l

Note Close approaches of Golevka to within 0.1 AU of inner Solar System bodies, along wittid3e-approach distance uncertainties. The asteroid remai
more than 1 AU from Jupiter throughout this period. These formal uncertainties may underestimate true uncertainties by factors of several encoaredos
centuries away from the present, but give an indication of the span over which present observational data permits useful extrapolation. Tima fiiedsdhe
uncertainty ellipse that intersects the center of the planetary body in multiples of one standard deviation.
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TABLE VII

Experiment Masterlog

File us Hz OSOD OFF CLT LE Runs Start Mid Stop Pr Min

June 3

154Acw cw 0.488 14 None 5(1-5) 0903 0908 0913

15403 11 5.6 17 TX+50 11 10 19 (10-28) 1025 1042 1059 467

15406 2 5.1 17 TX+50 11.8 9 12 (30-41) 1116 1127 1139 467

154Bcw cw 0.488 17 None 4 (42-45) 1155 1158 1201 467
June 4

155cw cw 0.488 17 None 20 (1-20) 0934 0952 1010 465
June 6

157cw cw 0.488 17 None 10 (1-10) 1016 1024 1031 470

15703 2 5.1 17 TX+50 11.8 13 10 (11-20) 1050 1059 1108 470

15706 0.25 1.0 17 TX+50 22.8 33 46 (21-66) 1133 1215 1258 400

15707 0.25 1.0 17 TX+50 22.8 33 6 (67-72) 1309 1314 1320 400
June 7

158cwV cw 0.488 17 RC-50 Bistatic 0800 0900 1000 470

15804 0.25 1.0 17 TX+15 22.8 45 29 (4-32) 1111 1145 1158 430

15805 0.25 1.0 17 TX+15 22.8 45 53 (33-85) 1212 1257 1342 430

15806 0.25 1.0 17 TX+15 22.8 45 5 (86-90) 1345 1349 1353 430
June 8

15903 0.25 1.0 19 TX+15 22.8 28 7(1-7) 0825 0831 0837 440

15904 0.25 1.0 19 TX+15 22.8 28 9(13-21) 0917 0926 0934 440

15905 0.25 1.0 19 TX+15 22.8 28 40 (22-60) 0937 1119 1100 440

15908 0.125 0.5 19 None 34.8 46 50 (61-110) 1119 1205 1252 410

15909 0.125 0.5 19 None 34.8 46 21(111-131) 1258 1314 1330 410
June 9

16003 0.25 1.0 21 TX+15 22.8 15 35 (1-35) 0831 0902 0935 420

16006 0.125 0.5 21 None 34.8 22 53 (36-88) 1000 1045 1130 420

16007 0.125 0.5 21 None 34.8 22 53 (89-141) 1144 1225 1306 420

16008 0.125 0.5 21 None 34.8 22 54 (142-195) 1310 1358 1447 420

16009 0.125 0.5 21 None 34.8 22 15 (196-210) 1451 1502 1513 420
June 10

16103 0.25 1.0 21 TX+15 22.8 15 29 (1-29) 0832 0854 0917 430

16106 0.125 0.5 21 None 34.8 20 30 (30-60) 0936 1002 1040 425

16111 0.125 0.5 21 None 34.8 20 49 (96-145) 1238 1320 1402 425

16112 0.125 0.5 21 None 34.8 20 53 (146-199) 1414 1501 1548 425
June 11

16203 0.25 1.0 21 TX+15 22.8 15 8(1-8) 0927 0936 0944 430

16204 0.25 1.0 21 TX+15 22.8 15 7 (9-15) 0947 0953 0958 430

16207 0.125 0.5 21 None 34.8 18 54 (16-69) 1012 1057 1141 425
June 12

16303 0.25 1.0 21 TX+15 22.8 15 49 (1-49) 1430 1515 1600 450
June 13

16403 0.25 1.0 21 TX+15 22.8 14 10 (1-10) 1335 1345 1355 435

16406 0.25 0.5 21 None 34.8 17 43 (11-53) 1407 1456 1545 429
June 14

165AcwE Blocked into 50 3-min sums 0636 0748 0900 474

165AcwV Blocked into 50 3-min sums 0922 1041 1200 474

16503 0.25 1.0 21 TX+15 22.8 14 10 (1-10) 1229 1242 1255 450

16506 0.125 0.5 21 None 34.8 17 17 (11-27) 1308 1324 1340 450

165BcwK Blocked into 50 3-min sums 1421 1607 1755 475
June 15

166AcwWE Blocked into 50 3-min sums 0647 0816 0945 450

166BcwK Blocked into 50 3-min sums 1524 1644 1755 450

16603 0.25 1.0 21 TX+15 22.8 13 44 (1-44) 1010 1120 1230 445

16606 0.125 0.5 21 None 34.8 17 48 (45-92) 1245 1336 1426 445

16607 0.125 0.5 21 None 34.8 17 16 (94-109) 1432 1447 1501 445

13

N oy O

Ny (A 1l 00 D

Note.This masterlog describes each useful data file obtained at Goldstone, in chronological order. The setup (see Table Il) provided the indicafgulatelay
resolution. The column labeled OSOD identifies the orbit solution used for the observation ephemerides. Some setups used transmitter @ueceweffsets
to adjust the location of echoes within the frequency window. The offset is accounted for in the column labeled CLT, which gives the row (we coun) fron
that would contain echoes from a point target if the delay-Doppler ephemeris were perfect. LE gives the row containing the echo’s lealing edgemitter
power in kilowatts. The other columns are self-explanatory. All sequences used reception at DSS-14 except those with filenames flagged with BjcH or

used reception at DSS-13.
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FIG.2. Radar cross sectiondc) and polarization radig{; = SC/OC) es-

timates from individual runs on June 14 and 15. The bars in the SC/OC plots sp
+1 standard deviation. Much of the scatter in the cross section plots probably
due to variations in the antenna pointing accuracy.

FIG. 1.

o
o=

Doppler frequency (Hz)

Single-date sums of echo spectra from cw and delay-Doppler o
servations. OC spectra (solid curves) are available on all dates, and SC sp

experiment. Uncertainties in system parameters and trends
single-run estimates lead us to assign fractional errots50%
(farghe radar cross section estimate. The uncertainty in singl

(dashed curves) are available from cw sequences only. The vertical bar at Od@te. values ofic is 10(_]/0- Fig. 2 plots es“ma—tes Of_ oC Cross
indicatest1 standard deviation. The two DOY-159 spectra correspond to higgection and SC/OC ratio from single runs. Figure 3 is a “movie

resolution and low-resolution observations.

of the low- and high-resolution delay-Doppler with no attemp
to incorporate km/Hz conversion factors.

bandwidth of the June 4 (DOY 155) spectrum and the aster-
oid’'s synodic rotation period bound the maximum breadth éfull Estimation

the asteroid’s pole-on silhouette as

D > 600 nycoss.

We used June 14 and 15 cw spectra obtained at DSS-13 d
(2) ing the bistatic international experiments to estimate the conve
envelope, or hull, of Golevka’s pole-on silhouette (Osttal.

Table VIl lists estimates of the average OC radar cross SeCti?QSS). Since the echo bandwidth decreased slightly betwe
(0oc) and SC/OC ratioyc) for individual dates and for the entire\]une 14 and June 15, we treated the two dates separately.

each date the phase coverage was excellent and more than «
quate to define the hull’s odd harmonics. We devoted much effc
to evaluating the accuracy of edge-frequency estimators usi

simulations. Figure 4 shows our hull estimates and associat
Ke  quantities.

022 The hull estimations yielded insignificant corrections tc
0.24 OSOD solution 21 predictions dtom: +0.029+ 0.088 Hz for
0.27 June 14 and-0.015+ 0.110 for June 15; the assigned standart
0.23 deviations are based on the shapg ffcow) near its minimum.
023 |ncluding the corresponding Doppler estimates (Table 1X) in th

TABLE VIII

Disc-Integrated Radar Properties
DOY 1995 Date ooc (km?)
154 June 3 0.036
155 June 4 0.037
157 June 6 0.034
165 June 14 0.047
166 June 15 0.051

Average 0.040 0.23

orbital calculation produced a slightly refined orbit (OSOD-25)

Note.Uncertainties are-50% in the radar cross sectiog. and+10% inthe Which we used to assign COM frequencies (shown as the orig

circular polarization ratigec = SC/OC.

in our figures) to our cw spectra.
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FIG. 3. The delay-Doppler image data set. (Left) 0,25-data; (right) is 0.12%¢s data. Time increases left to right and top to bottom. Delay increases top
bottom. Doppler increases left to right. Raw Doppler scaling is used.
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FIG. 4. Hulls estimated from June 14 and 15 (DOYs 165 and 166) and related quantities. (Top) Hull estimates. The X is the projected position of the as
center of mass. Axes are in units of 0.488-Hz resolution cells. (Bottom) Related quantities, in units of 0.488-Hz resolution cells, are pleattied phese in

degrees. Open circles are support function data; the middle curve is the model support function. The upper curve gives the hull's bandwidtiveardithe lo
gives the hull's middle frequency.



GOLEVKA RADAR OBSERVATIONS AND MODEL 45

TABLE IX
Goldstone Delay-Doppler Astrometry

Epoch (UTC)

yyyy-mm-dd hh:mm:ss Data type Estimate Residual Receive antenna
1995-06-03 11:30:00 Delay 44750315:4@.000us —1.16us DSS-14
1995-06-06 12:20:00 Delay 36530290-2@.000us 0.27us DSS-14
1995-06-07 12:30:00 Delay 34966444:8@.000.s 0.43us DSS-14
1995-06-08 10:40:00 Delay 341632604@.000us 0.49us DSS-14
1995-06-09 09:00:00 Delay 34026478:80.200.s 0.48us DSS-14
1995-06-10 09:00:00 Delay 34629605F#0.200us 0.35us DSS-14
1995-06-10 11:00:00 Doppler —106307.22:0.025 Hz 0.02 Hz DSS-14
1995-06-11 09:50:00 Delay 36020406:60.200us 0.27us DSS-14
1995-06-12 15:10:00 Delay 38558455:80.2004S 0.24us DSS-14
1995-06-13 13:50:00 Delay 4104886740.200.s 0.04us DSS-14
1995-06-14 12:00:00 Doppler —316749.32%0.090 Hz 0.02 Hz DSS-13
1995-06-14 12:40:00 Delay 43951930:00.200.s —0.37us DSS-14
1995-06-15 11:30:00 Delay 47174607%0.200us —0.78us DSS-14
1995-06-15 12:00:00 Doppler —345961.504+ 0.110 Hz 0.01 Hz DSS-13

Note.Astrometry corresponds to 8510-MHz transmission from DSS-14, reflection from Golevka’s COM, and reception at the indicated
antenna. Each antenna’s reference point s the intersection of the azimuth and elevation axes. Residuals are with respect to OSOD Solution
25. The range equivalent of/ds is 150 m and the radial velocity equivalent of 1 Hz is 18 mm/s.

The June 14 estimation yields bandwidth extremBag{, The peak powers of these sums ranged fromtb# 1o . AImost
Bmin) = (4.44, 3.12) + 0.35 Hz andBpax/ Bmin = 1.43+ 0.06, all our sums sampled phases (computed using trial poles at fi
and the June 15 estimation yield®{x, Bmin) = (3.79, 2.79)+ and eventually using the least-squares solution) within &0
0.45 Hz andBpax/Bmin = 1.36+ 0.34. The assigned standarda bandwidth maximum, that is, close enough to “s@&gy.
deviations are subjective and consider the sensitivity of the fBvo sums from the long imaging sequences on June 9 and
sults to the edge-frequency estimator as well as the simulati@anpled both bandwidth maxima. Because of slight asymmet
mentioned above. We adoptthe more precise June 14 value asiodihe hull’s shape with respect to its COM, those sequence
estimate of the elongation of the asteroid’s pole-on silhouetims are expected to yield echo bandwidths that are about -
Dmax/ Dmin = 1.43+ 0.06. This value agrees with the elongalarger thanB,x; we reduced the corresponding inputs for the
tion, 1.4, of the M+97 ellipsoid model. Golevka'’s elongation ipole estimation accordingly. Similarly, the June 3 sums covere
slightly below the mean, 1.6, of radar-derived elongations egtihases about 6efore aBp,,x Orientation; based on the hull

mated for near-Earth asteroids. shape we increased their bandwidth measurements by 1.2.
o We searched theg? surface defined by weighted squarec
Pole Estimation residuals between our bandwidth measurements and values |

Golevka's approximately 80of sky motion during the dicted as a fungtipn of pole dir_e_ction ardh. This search
radar observations provides substantial leverage for estimati§iéaled four minima, and additional searches “ainfervals
of the asteroid’s pole direction and size. We adopted the M+§I?ov_ved0them to lie at the directions in Table X wjtfi values
sidereal spin period® = 0.25110+ 0.00001 days = 2640+  Within 2% of each other.

0.00024 h. For June 14 and 15 we used Bigy from the hull

estimations as our bandwidth estimates. For the other dates esti- TABLE X

mated the bandwidth from sums of echo spectra and/or sums of Candidate Pole Solutions

delay-Doppler images with peak powers of at least. \Me in-

cluded Goldstone—Evpatoria June 13, 14, and 15 spectral si{age A B x? Sense
and the Goldstone—Kashima June 15 spectral sum. Spectra ob- .

. . 335 25 16.0 Direct
t_alned at DSS-13 during the June 13 Goldstone—V_LA obsgarvqg—2 26 55 158 Direct
tions suffered from a setup error; we used a bandwidth estimatg 155 _o5 15.7 Retrograde
obtained from inspection of those data for this calculation, bur2 206 -55 16.0 Retrograde

not for anything else.
For each spectral sum, we calculated the bandwidth at 5 an ote.These four candidate poles were identified from variation in echo banc

. width over the course of the experiment. Uncertainties in each estimatesof
0 -
20% of peak power and atthe 1-and2evels. Then we defined are 6. This analysis also produced an estimate of the maximum pole-on bread

the midpoint of the range spanned by those four values to be @I, — 610+ 80 m. Inversion of all delay-Doppler data yielded refined con-
bandwidth estimate, with an uncertainty equal to half that rang@aints on these quantities. See text and Table XI.
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T T T T T ' T ing 4 of rotation. For a rotation period of 6 h, this would be
“r 1 a 4-min window. Unfortunately, this amount of averaging dic
not produce sufficient SNR. We settled on a 20-min window a
1 acompromise between SNR and blurring at the object’s edge
Of course the blurring was less severe for the @.8%resolution
41 about 40 m) images.
We first fit the full delay-Doppler data set with four models,
{1 each initialized to one of the four candidate pole solutions il
Table X. Although so initialized, the spin states were free pa
1 rameters in these fits. The objective function that we minimize
(Hudson and Ostro 1994, 1995) included a weighted penal
term used to suppress nonsmoothness in the model, i.e., sh
edges and concavities. The weighting was increased wAtil
rose significantly. (Given the number of degrees of freedom i
the fit, a 1% change ip? is significant.) The R1 and D2 models
0 . ) ) . gave fits obviously worse than the D1 and R2 models. Both tf
2 4 6 8 10 12 14 16 D1 and R2 models could fit the data, but the D1 model did thi
June date (UTC) with a smoother shape. For a non-smoothness-penalty weighti

FIG. 5. Estimates of maximum echo bandwid,ax, from cw data (see such that)(z of the D1 fit was _jusF starting _tO rise_ s?gnifica_ntl;_/,
text). The solid curve corresponds to our four candidate pole directions aif€ R2x 2 was 12% larger. This difference is statistically signif-
Dmax = 0.61 km; the dashed curve corresponds to the M+97 polelang =  icant but visually the fits were not that different. Relaxing the
0.70 km. smoothness constraint considerably allowed the R2 model to

the data about as well as the D1 model, at the expense of a m

With 19 bandwidth measurements and three free pararrl%?gular shape.

ters there are 16 degrees of freedom, and an increas in Giventhe very unusual Golevka lightcurves reported in M+97

by +/2/16 = 35% is statistically significant. This defines stan\—Ne investigated how the D1 and R2 models might account fc

dard errors of 6and 0.08 km in our least-squares estimates &olevkas OF’“C?' properties. we d lgitized 67 daFa points fron
Lo o Ive of the more interesting M+97 lightcurves and included thes
pole direction andDnax. Each solution is aDmax = 0.61 km,

and each predicts identical dependencg pbn each epoch. In data m_oursui_asequentflt_s. we useo_l aHapke flye-parameter Pl
: s tometric function to describe the optical scattering. We increase
particular,|§| increased from 3to 66> from June 3 to 15.

. . the model resolution to 1024 vertices and allowed the smootl
Figure 5 shows ouBax measurements ari,,« predictions

: o ess constraint to relax. We found that the D1 model could n
for our least-squares solution. We also show the predictions &ecount for both the radar and optical data, even qualitatively a
the M+97 pole (347, 35°) andDmax = 700 m (the value needed b ' d y

01 101z andwton Jone ) The factorbywi. v 10 0L4e0 angee b erepe e B2 ocel o
shrinks during June 3-15 is predicted to be 2.5 for the four polés_,’ 9 Y g

in Table X. The Mottolzet al. pole, only 14 away from ours, In shape. Therefore, of the four candidate poles in Table X, onl

) . . . the R2 solution led to a plausible fit to all the data and therefor
predicts a sixfold shrinkage (corresponding tgpof 80" on is. clearly selected by the modeling process. Numerical value
June 15) that clearly is not observed. Each retrograde solution is y y gp )

paired with a direct solution 18@way from it. The acute anglerf[gm ;h]% :rlae?lrgog\]/glﬁgnlse-rrizltii i:(;lizgt)i(o”r; Uncertainties are
between the lines defined by D1, R1 and D2, R2 i5 48 '

Bmax (Hz)

Shape
PHYSICAL MODEL

Observed and modeled delay-Doppler images and the cort

Having constrained the pole-on silhouette and the pole diponding plane-of-sky appearance of the model are shown
rection using Doppler spectra, we proceeded to more detaileid. 6. Lightcurves produced by the model corresponding to s
physical modeling using the delay-Dopplerimages. We followeaf those shown in M+97 are shown in Fig. 7. Figure 6 reveal
the procedure described by Hudson and Ostro (1995, 1999) that Golevka has a shape dominated by large facets joined
Rotation-phase averaging was performed on the delaglatively sharp edges. In some views (e.g., first row) it has a
Doppler images to increase the SNR to a level that we judgabinost triangular silhouette. Several frames (e.g., last row) a
would support shape reconstruction. Ideally one would averageminated by a flat facet oriented almost normal to the rade
over a range of phases small enough to avoid blurring at tfiee corresponding delay-Doppler images show the unambig
edges of the images. For an object with maximum radius of 300s signature of this in the form of a collapse of the image in th
m and image resolution of 20 m, a point 300 m from the poldelay dimension. Figure 8 shows the object rotated about bo
would migrate through no more than one resolution cell duits long axis (top) and short axis (bottom). The model rendering
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TABLE XI TABLE XII
Model Shape and Spin Parameters Surface Properties

Parameter Definition Value Uncertainty Parameter Definition Value Uncertainty
Deq Equivalent spherical diameter 530 m 30m o Normal radar reflectivity 0.25 0.12
Diong Max extent along long axis 685 m 30m n Specularity parameter 1.7 0.7

of inertia Osp Equivalent spherical albedo (OC) 0.18 50%
Dint Max extent along intermediate 489 m 30m e Circular polarization ratio 0.23 0.02

axis of interia w Particle single-scattering albedo 0.173 0.006
Dshort Max extent along short axis of inertia 572 m 30m h Opposition surge width 0.024 0.012
Ishort/llong  Moment of inertia ratio 1.39 0.1 Bo Opposition surge amplitude 1.03 0.45

short-to-long axes g Asymmetry parameter -0.34 0.02
lint/ liong Moment of inertia ratio 1.38 0.1 6 Macroscopic roughness 20 5°

intermediate-to-long axes pv Geometric albedo 0.151 0.023
A Ecliptic longitude of pole 202 5°
B Ecliptic latitude of pole —45 5°
P Sidereal spin period 6.0289 h 0.0001 h

FIG.6. One hundred observed (left) and modeled (center) delay-Doppler images and corresponding plane-of-sky appearance (right) of model with ze
illumination and Lambertian scattering law. Both delay and Doppler axes have been scaled so that each frame is 1 km on a side.
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FIG. 9. Plane-of-sky appearance of Golevka model corresponding t
(h) (top panel) and (j) (bottom panel) of Fig. 10. The model rotates by O.:
rotation between frames, corresponding to abscissas 0.0 to 0.9 in Fig. 10.

of Figs. 6 and 8 also reveal a dramatic concavity that creates
almost finger-like appearance in some views.
Figure 9 shows renderings of the model with its orientatior

FIG.7. Modeledlightcurves corresponding to Fig. 2in M+97. The abscissgnd illumination corresponding to frames (h) and (j) of Fig. 7

is relative rotation phase. The rms residual of the fits is 0.05 mag.

M+97 noted that, “a striking feature in the lightcurves is the
progressive dimming of what, during the pre-close approac
observations, was the primary maximum until its complete dis
appearance in the lightcurve of June 11.” We see from the:
renderings that the prominent concavity is responsible for th
disappearance of the primary lightcurve maximum in frame (h
Rotation of the flat facet on the opposite side in and out of th
Sun’sillumination is responsible for the almost single-minimun
lightcurve in (j). The large-scale shadowing of Golevka’s intri-
cately nonconvex shape offers an explanation for the large slo
of the asteroid’s lightcurve amplitude vs solar phase angle (tt
amplitude-phase relation), as anticipated by M+97.

The shape model in Fig. 8 (short-axis rotation sequence, tc
left) resembles a normal fault block that is rotated clockwist
by 9¢° and bounded by conjugate fault planes on the north ar
south. The north and south faces form angles betweea®
70° relative to the vertical that are consistent with the dips o
terrestrial normal faults (Suppe 1985) and with the distributiol
of fracture dip angles seen among fragments from hyperv
locity laboratory impact experiments with free-falling concrete
ellipsoids (Bianchiet al. 1984). Thus, it seems possible that
Golevka was formed as a block in a normal fault and was subs
quently dispersed from its parent body, perhaps by a catastropl
disruption.

FIG. 8. Golevka model rotated in 45teps about its long axis (top) and Surface Properties

short axis (bottom). Dark lines show latitude and longitude ifih@rements.

The first image in the top frame is from above the north pole, defined using the GOl€Vka’s mean absolute visual magnitutte = 19.079+

right-hand rule. In the bottom frame the north pole points up.

0.029 (M+97), is related to its visual geometric albegloand
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FIG.10. Gravitational slopes over the surface of Golevka, computed for a density of 5%/dime slopes range up to a maximum of 60

its effective spherical diametdDe; via the equation (Bowell estimate ofp, is close to the mean of S asteroid values (0.18
et al.1989) but much lower than Vesta’s (0.34) calculated using the Thom:
et al. (1997) value foDg.
logpy = 6.259— 2logD — 0.4H. Our results for Golevka's sizgy,, spectral class, and Hapke
parameters (Table XII) are irreconcilable with those of M+97
Our value ofDeg, 530+ 30 m, yieldsp, = 0.151+ 0.023. who obtainDe¢ = 300 m,p, ~ 0.6, and Hapke parameters £
Hicks and Grundy (1995) interpreted their 0.55- to 1,0%- 7+ 7°, g = —0.435+ 0.001,w = 0.58+ 0.03,h = 0.0114+
reflectance spectra as evidencefor V classification. Hitkd. 0.0004,By = 0.758+ 0.014). Because our size estimate is base
(1998) argued that Golevka’s broad 0.9- to L®absorption, on spatially resolved images, it should be more accurate th:
which is shallower and broader than Vesta’s, could indicate tMe+97's inferences from disc-integrated observations. The di
presence of some olivine. Hiclet al. (1999) report Golevka parate VIS/IR estimates almost certainly are due to the fact th
spectra with deep 1 andidn absorptions consistent with a py-the models used in the M+97 analyses do not accommaod:s
roxene rich surface suggested by the 0.5- femi-spectra ob- shapes nearly as irregular as Golevka's. The Standard Therr
tained in 1995. However, recent spectra are also consistent wthdel (STM) and the Fast Rotating Model used to interpre
an S classification (M. D. Hicks, pers. commun.). Indeed, otheir radiometry assume spheres, and the inaccuracy of thc
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50

models in this case, even when modified to deal with latitud
and phase-angle effects, should be taken as a warning of t *
danger of applying them to extremely nonspherical objects. o
is desirable that simulations be undertaken, perhaps using t
Golevka shape model, to understand the thermal signatures
highly irregular shapes and to seek shape-dependent system.
errors. Brown’s (1985) study of the thermal signatures of ellipg
soids and Harris's (1998) modification of the STM are steps i s 1o} * 1
this direction. As for the estimation of Hapke parameters fror g _ _
disc-integrated photometry, M+97 warned that “effects intro o ]

30- b

T

duced by the irregular shape of the body are difficult to predict, ’ x*
and Hudson and Ostro (1998) demonstrated the value of ar -"°r i
priori shape model to such estimation. * v : v e s

Golevka'’s circular-polarization ratip. = 0.23 is lower than | £ owot wox 1
the mean of NEA values (mean 0.36, range 0.07 to 1.10) ar S A J ] , .
indicates that most of the echo power is due to single scatterin Hos ~106 ~104 ~102 =100 -98 -96 -94

H . - Longitude (deg)
The asteroid’s OC radar albedo (OC radar cross section divided ? ?

by projected area of a sphere with= 530 m), 018+ 50%, is FIG. 11. Latitude and longitude of initial impact location and final resting

in the top half of the distribution of radar albedos for S asteroidf§§t'°”_f9f ?O Fl’aft_'c'eTShdrf)PPeldl above Gfo'sv"a- EaICh Pa”'clje Wasfdmpp‘
. - no initial velocity. e initial location of the particles were drawn from a

(meah 0.14, range 0.04100.32). T_he equivalent spherical alb_ aussian distribution centered at a 10-m altitude with a standard deviation

(that is, the albedo of a sphere with Golevka's radar scatteripg,

properties) would have the same value. Following Ostral. '

(1999) and references therein, we find that the average bulk

density of the smooth component of Golevka’s surface is gsfinitely return to the surface (regardless of launch directior
greater than 3.7 g cmi. also varies over the surface, ranging from 2 to 17 ctfer a

density ¢ 2 g cn 3 and from 20 to 35 cm3 for a density of
5 g cnt 2. In the interval between these two speeds, numeric:
GOLEVKA'S DYNAMICAL ENVIRONMENT integration is needed to determine the fate of a launched partic
o o ) the width of this interval varies over the surface, ranging from
Golevka’s shape constrains its gravitational environment, afglo4 cm s for a density 62 g cn3 and from 8 to 26 cms
hence the dynamics of orbits close to it, which in turn have ingg, 5 density 65 g cr 3.
plications for the systematics of ejecta distribution, satellite sta- 5 piece of impact ejecta that returns to the surface can boun
bility, and operation of robotic or piloted spacecraft. Following,;1any times, depending on the coefficient of restitution betwee
Scheereet al. (1998, 1996), we have assumed that Golevkaie gyrface and ejecta. The path the particle follows on a smé
density is uniform, and have calculated the gravitational f'e|pregularly shaped asteroid can be complex. For example, v
(Werner3and Scheeres 1997) for bulk densities between 2 gpdie calculated the trajectories of 50 test particles dropped frc
5 g cn*. That range encompasses solid and 0.5-pore-fractiginin a4 small region above Golevka’s surface. Their initial im-
assemblages of stony iron, or ordinary chondritic assemblaggse |ocations are clustered together, but their final resting sit
It also is consistent with surface density constraints implied bye widely distributed over the surface (Fig. 11).
Golevka's radar properties. o o A particle orbiting Golevka will be stable against removal by
Figure 10 shows the surface’s distribution of gravitation@yar gravitational perturbations within an “orbital zone” whose
slope (that is, the acute angle a plumb line would make with¢ is two times larger for retrograde orbits than for direct or
the local s:rface normal). The figure is calculated for a densifits (Hamilton and Burns 1992). For nearly circular orbits abou
of 5 g cn* but the slopes’ density dependence in the pertinegyeyka, retrograde orbits are bound out to radii of 44 km for-
intervalis not significant. Slopes range from©®60°. Tangential density 62 g cm3 and 61 km for a densityf& g cni3; corre-
(zilzong surface) accelerzjglons on the steepest slopes are 0.25¢B8hding limits for nearly circular direct orbits are half as large
s “foradensity 65 g cm*, and are proportional to the assumeghe motion of a particle orbiting closer thari km may be made
density. Loose material is unlikely to exist on very steep slop&gsstable by the nonspherical portion of the gravity field. For ver
and we expect that surfaces sloped as steeply as aboutlS gmq)| particles, perturbations from solar radiation pressure mu

consist of exposed solid, monolithic rock. be taken into account (Scheeres and Marzari 2000).
The minimum launch speed needed to guarantee that a particle
will escape immediately from Golevka into heliocentric orbit CONCLUSION

varies over the surface, ranging from 16 to 36 cm ®r a
density ¢ 2 g cn 3 and from 31 to 57 cm3 for a density of ~ Our experiment reveals Golevka to have disc-integrated rad
5 g cnt 3. The maximum launch speed for which a particle wiland optical surface properties fairly typical of an S-class asteroi
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but a shape that is highly angular and faceted. The harsh angudson, R. S., and S. J. Ostro 1995. Shape and non-principal axis spin state
larity of the shape seems inconsistent with this object being argsteroid 4179Science270, 84-86.
unconsolidated agglomerate of particulate material bound jisidson, R. S., and S. J. Ostro 1998. Photometric properties of asteroid 41
by gravity. Instead, it gives the impression of being a collision Toutatis from lightcurves and a radar-derived physical moidakus 135

' 451-457.
fragment.

. . . . Lo . Hudson, R. S.,and S. J. Ostro 1999. Physical model of asteroid 1620 Geograp
Golevka is the first sub-kilometer object studied in this muc:'hfrom radar and optical dattcarus 140, 369-378.

detail, so We,have no vyay of I§n0W|.ng how typlcal its Shape !éoyama, Y., and 18 colleagues 1995. Radar observations of an asteroid 1991

among half-kilometer-sized objects inthe Solar System. This Sitin proceedings for the 28th ISAS Lunar and Planetary Sympogipn201—

uation will change: improvements in the Goldstone and Arecibo204. ISAS, Japan.

telescopes and increases in the NEA discovery rate should pviarsden, B. 1991IAU Circ. 5268.

vide a growing sample of sub-kilometer asteroids for whictottola, S., and 24 colleagues 1995. Physical model of near-Earth asterc

radar-based shape reconstructions are available. (6489) 1991 JX from optical and infared observatidisll. Am. Astron. Soc.
27, 1055.

Mottola, S. A., and 27 colleagues 1997. Physical model of near-earth aster
6489 Golevka (1991 JX) from optical and infrared observatidwsiron. J.
114 1234-1245.
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